INTRODUCTION {#sec1-1}
============

Telepathology is a growing component of the practice of pathology and laboratory medicine, which includes telemicrobiology.\[[@ref1][@ref2][@ref3]\] Telemicrobiology is an important and growing component of clinical microbiology informatics.\[[@ref3][@ref4]\] Telemicrobiology has been incorporated into routine use by some microbiology core laboratories that supports satellite laboratories. Telemicrobiology has also been used for seeking expert consultation, such as the consultation services established by the Centers for Disease Control and Prevention\'s (CDC) Division of Parasitic Diseases and Malaria\'s service for diagnostic assistance (DPDx).\[[@ref3]\] However, to the best of our knowledge, no published studies have evaluated the diagnostic utility of multiple contemporary digital pathology systems for use in telemicrobiology. In clinical practice, detecting and identifying microscopic organisms using glass slides is often performed using a ×100 oil-immersion objective lens. However, commercial whole slide imaging (WSI) systems used in digital pathology typically scan at lower magnifications and without oil immersion such as ×20, ×40, or sometimes ×60. The diagnostic utility of lower magnification WSI for the identification of microorganisms has been questioned.\[[@ref5][@ref6]\]

We evaluated different WSI platforms using ×40 dry scanning, ×83 oil-immersion, and ×100 oil-immersion to determine their diagnostic utility specifically for telemicrobiology. The accuracy of these WSI digital slides was compared to glass slides and manually captured ×100 oil-immersion photomicrographs, which have been more extensively used in telemicrobiology practice.\[[@ref1][@ref2][@ref3][@ref7][@ref8]\]

MATERIALS AND METHODS {#sec1-2}
=====================

Specimen Selection {#sec2-1}
------------------

Two authors (DR, LP) reviewed previously characterized glass slides containing microbiology-relevant specimens, which correlated with known diagnoses. These authors selected a variety of specimen types, specimen preparations, and organism types in an attempt to broadly test the digital pathology systems' telemicrobiology capabilities. In total, 30 cases \[[Table 1](#T1){ref-type="table"}\] with one glass slide per case were selected. Glass slides were 1.0 mm thick and had permanently mounted \#1 or \#1.5 glass coverslips. Diagnostically relevant regions on each slide were circled (approximately 5--10 mm in diameter) using a dotting marker pen, and digital images of these circled regions were generated using various imaging modalities. Slides were de-identified before being sent for scanning and review.

###### 

Description of specimens used in this study and their correct diagnoses

![](JPI-7-10-g001)

Digital Image Acquisition {#sec2-2}
-------------------------

### Static images {#sec3-1}

Photomicrographs of diagnostically-relevant fields on the glass slides were captured using an Olympus BX46 light microscope (Center Valley, Pennsylvania, USA) with a mounted Olympus DP73 digital camera. Two jpeg images of each case were captured: One using the ×10 objective lens and one using the ×100 objective lens. The ×10 lens used was UPlanApo ×10/0.40 infinity/0.17, and the ×100 oil-immersion lens was UPlanSApo ×100/1.40 infinity/0.17/FN26.5. Images were captured using cellSens Standard 1.11 software (Center Valley, Pennsylvania, USA) (Olympus) with the following settings: Automatic exposure, 4800 × 3600 (pixel shift) resolution, and natural camera contrast. No postprocessing software was used on the digital images except to convert the jpegs to ScanScope virtual slide (.svs) files for online evaluation. No substantial loss in image quality was identified due to the conversion. For the ×100 photos each jpeg file was 1.4 ± 0.6 Mb in size, and each case took about 4.5 min to locate a diagnostically appropriate field and photograph.

Whole Slide Images {#sec2-3}
------------------

Prior to scanning, glass slides were cleaned. Pen markings indicating the region of interest on the glass slide to be scanned were not removed, albeit that such markings may sometimes cause digital image artifacts.\[[@ref9]\] No artifacts were identified in the digital slides used for this study.

Slides were scanned at ×40 using a single z-plane via an Aperio XT whole slide scanner (Leica Biosystems, USA). Scanned images were evaluated for quality and to ensure that they were in focus. Digital files in (.svs) format were stored on an image server for remote evaluation using the WebScope viewer from Aperio. Each. svs file was 817 ± 242 Mb in size. Acquisition time for each slide averaged 1 min.

Slides were scanned at ×83 with oil-immersion using a single z-plane via an Aperio SC-O whole slide scanner (Leica Biosystems, USA). The svs files were uploaded to the cloud and then downloaded to the image server. Each svs file was 455 ± 297 Mb in size. Acquisition time for each slide was about 1 min; and total time spent setting up, scanning, and reviewing each scan for quality was about 8 min per slide.

Slides were scanned at ×100 with oil-immersion using a Zeiss Axio Imager M1 with an AxioCam MRc camera (Carl Zeiss; Gottingen, Germany); a Zeiss Alpha Plan-Apochromat ×100, 1.46 NA objective lens (Carl Zeiss; Gottingen, Germany); and AxioVision Rel 4.8 software (Carl Zeiss; Munich, Germany). The camera\'s white balance and exposure were manually adjusted for each slide, and shade correction was employed to minimize illumination variation between fields. Multiple z-planes were acquired for each field and merged into an extended depth of field image (EDF). The final single-plane composite image was exported as a jpeg with a compression quality factor of 100 before being converted to a svs file. Each file was 966 ± 137 Mb in size. Image acquisition averaged about 45 min per slide, including roughly 30 min for capture and then 10--15 min for processing (i.e., stitching, EDF merging, etc.).

Image Sharing {#sec2-4}
-------------

All de-identified digital image files were securely stored on IBM SONAS (IBM, Armonk, New York) storage where they could be remotely viewed by the evaluators.

Evaluator Selection and Training {#sec2-5}
--------------------------------

Four evaluators with varied daily exposure to microbiology and an interest in digital pathology were chosen to participate in the study. Their backgrounds were as follows: cytopathologist, gastrointestinal pathologist, clinical microbiologist, and general pathologist with microbiology expertise. Two of the evaluators were experienced using digital pathology, and two evaluators were novices in digital pathology. All of the evaluators underwent training before the study, so they were proficient in navigating the digital images.

Slide Review {#sec2-6}
------------

The four evaluators each evaluated the 30 cases using all five modalities: ×40 WSI, ×83 WSI, ×100 WSI, ×10 and ×100 digital photomicrographs, and glass slides. For this study, the photomicrograph modality includes both ×10 and ×100 static images, and this set were both available for evaluation. Each case was evaluated for the type of infection present (i.e., no pathogen, virus, bacterium, fungus, or parasite), and a free text interpretation could be entered into the data capture sheet to further describe microscopic findings (e.g., Giardia, Helicobacter, Gram-positive cocci in clusters, etc.). Evaluators also assessed the confidence in their interpretations and identified technical limitations for each case using an Excel (Microsoft; Redmond, CA, USA) data collection sheet. The electronic data collection sheet automatically populated case information (e.g., stain used and specimen type) based on the case number selected by the reviewer. The sheet also fostered standardized reporting and facilitated data compilation. A minimum 2 weeks washout period was employed between evaluations of the different imaging modalities. The evaluators were all from the same institution, but located at different hospitals. They used different monitors to review these images including a 24-inch HP ZR24w, 21.5-inch HP ProDisplay P221, and 22-inch Samsung SyncMaster 2243BWX display.

Data Analysis {#sec2-7}
-------------

The diagnostic interpretation for each case was compared to the expected diagnosis \[[Table 1](#T1){ref-type="table"}\], and the evaluators' interpretations were converted into quality scores. A quality score of 4 indicated a correct interpretation with correct microorganism identification (e.g., "*Cryptococcus sp*." or "*Plasmodium falciparum*"). A quality score of three indicated one of the following: A correct diagnosis with some degree of uncertainty, a differential diagnosis that included the correct diagnosis, or a diagnosis that lacked specific microorganism details (e.g., "Yeast, possibly *Cryptococcus* sp." or "malaria"). A quality score of two indicated a correct diagnosis that was vague or lacked microorganism specifics (e.g., "Yeast" or "parasites in erythrocytes"). A quality score of 1 indicated the correct type of infection (e.g., fungus) but incorrect microorganism specifics (e.g., *Cryptococcus* interpreted as *Candida* or *P. falciparum* interpreted as *Babesia* sp.). A quality score of zero included false positives, false negatives, and grossly misidentified organisms (e.g., yeast interpreted as bacteria). Quality scores of 0 or 1 were both considered incorrect interpretations. Quality scores of 2, 3, or 4 were all considered correct interpretations; however, higher scores (i.e. 4 \> 3 \> 2) were considered better interpretations. The quality of intraevaluator interpretations was compared using this scoring system. A "best interpretation" score classification is evaluator and case specific. Each evaluator\'s best interpretation for each case was identified by comparing the interpretation scores for each of the five imaging modalities. In the five interpretations for each evaluator for each case, the highest correct score (i.e. 2, 3, or 4) achieved by an evaluator was deemed the "best interpretation." Multiple imaging modalities could be classified as a "best interpretation" for an evaluator\'s case if each interpretation achieved the evaluator\'s maximum score for the case. Cases in which the evaluator failed to achieve a correct interpretation using all five modalities, and cases in which the evaluator deferred interpretation were not considered in the analyses.

Statistical analyses were performed using two-tailed Student\'s *t*-tests in Microsoft Excel 2010 (Redmond, Washington, USA). A *P* value of 0.05 was chosen as a cut-off, and values below this cut-off were defined as statistically significant.

RESULTS {#sec1-3}
=======

Diagnostic Accuracy {#sec2-8}
-------------------

Glass slide interpretations were better than ×40 WSI interpretations (*P* = 0.04) \[[Figure 1](#F1){ref-type="fig"}\] in that the intraobserver quality scores were greater for glass slide interpretations than for ×40 WSI interpretations. The ×83 WSI interpretations, photomicrograph interpretations, and ×100 WSI interpretations trended toward better interpretations than ×40 WSI (*P* values were not significant). Correct interpretations were achieved using all modalities, and statistically significant differences between platforms were not identified. However, glass slide interpretations, photomicrograph interpretations, and ×83 WSI interpretations trended toward achieving significantly more frequent correct interpretations than ×40 WSI (*P* values were not significant). Incorrect interpretations were obtained more frequently using ×40 WSI than using glass slides, photomicrographs, or ×83 WSI (*P* \< 0.01, *P* = 0.01, and *P* = 0.03, respectively). The modality that yielded the best interpretations \[[Figure 2](#F2){ref-type="fig"}\], the highest rate of correct interpretations, and the highest rate of incorrect interpretations \[[Figure 3](#F3){ref-type="fig"}\] varied between evaluators.

![Comparison of interpretation quality by imaging modality. Asterisks designate groups with *P* \< 0.05. The photo modality includes both ×10 and ×100 photomicrographs. The best interpretation is the greatest correct quality score (i.e., 2, 3, or 4) achieved by an evaluator for a case across all modalities. An incorrect interpretation includes quality scores of 0 and 1](JPI-7-10-g002){#F1}

![Frequency of achieving the best interpretation](JPI-7-10-g003){#F2}

![Frequency of achieving an incorrect interpretation](JPI-7-10-g004){#F3}

Perceived Limitations {#sec2-9}
---------------------

In 13 instances, cases were not considered in the analyses. Eight of these cases were due to one evaluator\'s self-reported lack of expertise with specimens' sources and/or stains. In five instances, cases were not considered because the evaluator did not achieve a correct diagnosis using any of the five modalities. In total, 137 (91%) evaluations (of a potential 150 case evaluations) were considered in the analyses. When considering only the three evaluators that did not defer the interpretation of any of the cases, these three individuals perceived resolution of the digital image to be inadequate more often with the ×40 WSI and ×100 WSI than in the photomicrographs \[[Figure 4](#F4){ref-type="fig"}\]. However, the ×83 WSI results were almost as good as those for the photomicrographs. They also perceived image focus to be inadequate most often with the ×40 WSI cases and least often with the ×83 WSI cases \[[Figure 5](#F5){ref-type="fig"}\].

![Resolution perceived as a limitation. Three of the four evaluators evaluated the resolution adequacy for every case using all digital modalities, and a summary of their interpretations is depicted](JPI-7-10-g005){#F4}

![Focus perceived as a limitation. Three of the four evaluators evaluated the focus adequacy for every case using all digital modalities, and a summary of their interpretations is depicted](JPI-7-10-g006){#F5}

Technical Issues {#sec2-10}
----------------

Only minor technical challenges were encountered, and these occurred mainly with image acquisition. Scanning of one ×40 WSI case failed because the scanner could not automatically find the correct focal plane \[[Figure 6](#F6){ref-type="fig"}\]. This required the operator to manually intervene and tune the focus before image acquisition. The ×100 WSI process involved custom development. The system used to generate ×100 WSI files posed difficulty correctly stitching tiles containing large amounts of feature-poor space \[[Figure 7](#F7){ref-type="fig"}\]. In addition, because the ×100 WSI system collected multiple z-planes of each field that were later stitched together to include the sharpest (most in focus) frames, this required working with upward of 75 Gb of data at times, which resulted in software instability. In one instance, this instability caused the system to crash and corrupted the solid state drive resulting in loss of previously captured scans. When viewing converted static photomicrographs, the magnification slider using the Aperio image viewer appeared to be mislabeled \[[Figure 8](#F8){ref-type="fig"}\], and one of the evaluators found this to be confusing.

![Out of focus scan. One case with Gram-positive cocci failed to automatically focus correctly when performing a ×40 whole slide imaging scan](JPI-7-10-g007){#F6}

![Custom developed ×100 whole slide image overview for a case with cerebrospinal fluid *Cryptococcus*. Note the obvious stitching of feature-poor areas (i.e. white space), which resulted in black polygon artifacts in the ×100 whole slide image scans](JPI-7-10-g008){#F7}

![Photomicrograph using a whole slide image viewer. The photomicrographs were captured as jpegs and converted to ScanScope virtual slide files so that they could be viewed online with WebScope (Aperio; Vista, California, USA) software. Note that the magnification of the dematiaceous fungi depicted here is underestimated by the zoom indicator on the left sliding bar. Integrating components of multiple digital pathology systems can present unanticipated interoperability challenges, such as this](JPI-7-10-g009){#F8}

DISCUSSION {#sec1-4}
==========

The results of this study are concordant with previous studies,\[[@ref1][@ref2][@ref10]\] which have demonstrated that diagnoses made from static digital photomicrographs (snapshots) are on par with glass slide interpretations. In telemicrobiology, two main variables are commonly limiting factors in making an accurate and precise diagnosis in difficult cases. One variable is simply capturing images that adequately encompass the diagnostically relevant area(s), and the second variable is obtaining an adequate resolution for the interpreter to resolve the salient features of the microorganism(s) and/or the pathological features. Photomicrographs can be used successfully to perform telemicrobiology if the photographer captures diagnostically relevant images that are in focus, but this caveat is its major limitation in a clinical application.\[[@ref3]\] It has been noted that the photographer may not capture adequate images to diagnose all of the infecting organisms (e.g. stool that is positive for multiple parasites or blood containing multiple *Plasmodium* spp.) or may select only images that support the photographer\'s suspected diagnosis. Capturing a sufficient amount of unbiased and diagnostically relevant area is most easily accomplished by capturing a large area of the slide and/or many representative areas, which WSI is designed to do. Unfortunately for telemicrobiology, many of today\'s WSI systems capture images with a resolution that is too low for interpreters to achieve a high-quality microbiology diagnosis with high confidence. Capturing images with adequate resolution is typically accomplished with image acquisition at a higher magnification. However, optical resolution is more important than digital magnification (i.e., zooming). For WSI, image resolution depends on a combination of the objective lens (both magnification and numerical aperture) used, the digital camera\'s sensor inside the instrument, and the computer monitor display used to view the final digital image. It is plausible that the different displays used in our study may have contributed to varying appearances of microorganisms when viewed by the participants. An important advantage of WSI over photomicrographs is that the individual generating the WSI scan does not need to have any microbiology acumen in order to consistently capture diagnostic images. While some studies have reported that some infections (e.g., bacterial vaginosis, fungi, *Trichomonas vaginalis*) can be identified with WSI,\[[@ref11]\] other investigators have shown that microscopic organisms cannot be easily visualized when using WSI with ×20 scans.\[[@ref5]\] The current study demonstrates that high magnification and oil-immersion WSI, which can effectively address both of the common limiting factors, has a better diagnostic performance with telemicrobiology than ×40 WSI. Utilization of oil immersion WSI is relatively new to the field of digital pathology, and one study has shown similar great potential for this technology for the interpretation of hematopathology slides.\[[@ref12]\] In the current study, we used two oil-immersion WSI systems: An in-house developed ×100 WSI platform and the Aperio ×83 WSI system. The ×100 WSI system would need more development before being used clinically, but the ×83 WSI is currently available commercially. Since it is important to speciate microorganisms such as malaria, for identifying blood parasites laboratories may want to rely on instruments such as CellaVision that perform more standardized digital imaging with oil-immersion on peripheral blood smears.

The field of digital pathology would benefit from additional studies evaluating additional imaging modalities for telemicrobiology. The use of multiple z-planes (dynamic WSI) was not employed in this study. It is likely that ×40 WSI using multiple z-planes would provide diagnostic capabilities superior to single plane ×40 WSI and possibly on par with glass slide interpretations.\[[@ref6]\] Some researchers have suggested that in order to reproduce clear focusing of microorganisms such as *Helicobacter pylori* with virtual microscopy, it may be necessary to construct three-dimensional (3D) virtual slides composed of WSIs with different focuses.\[[@ref6]\] However, at present, the use of virtual 3D slides is not practical for routine clinical practice. It is likely that that the greater the burden of *Helicobacter* organisms present the easier it will be to identify them. However, even though the cases we selected for this study had ample microorganisms they still could not be detected with low-resolution images. In addition, remotely controlled live video high-dry telemicroscopy that is capable of displaying multiple z-planes (e.g., Zeiss or formerly Trestle, Sakura VisionTek M6), static/video hybrid microscopy (e.g., ViewsIQ Panoptiq),\[[@ref13]\] and live video human-to-human telemicroscopy would all be potentially useful alternate platforms for telemicrobiology that warrant further study. The CDC Division of Parasitic Diseases and Malaria\'s telemicrobiology service (called DPDx) has extensive experience successfully using photomicrographs in its telemicrobiology service and is beginning to explore the use of live video human-to-human telemicroscopy for handling teleconsults.\[[@ref7]\]

In the present "proof-of-concept" study, there were some limitations related to testing the various imaging modalities by means of subjective human interpretations. The evaluators were sometimes asked to interpret specimens outside their routine scope of work. In an attempt to avoid any effect this may have had on the quality of their interpretations, cases where this was an issue were deferred by the interpreter and not considered in the analyses. It is possible that the number of deferred cases would have been reduced if all of the evaluators routinely encountered the spectrum of cases covered in the study set as part of their daily practice. The microbiology expertise of the individuals in this limited study was not revealed in order to keep their identity anonymous. In some instances, minor intraevaluator interpretation variability was noted. For example, an evaluator that reported "probably mycobacteria" 1 month later reported simply "mycobacteria" for the same case. The former evaluation is less confident and was thus scored as a 3 instead of a 4. The scoring criteria were not communicated in detail to the evaluators before beginning the study, which may have helped to minimize variances in their choice of words. This study also has the potential for confounding due to recall bias. Although the recommended 2-week washout period was used, it is possible that recall bias may have influenced some interpretations.\[[@ref14]\] The field of clinical microbiology and infectious diseases pathology is broad, and this study only covered some representative examples of microbial pathology and morphology. Hopefully, this study will serve as a resource for those seeking to implement clinical telemicrobiology or perform more in-depth studies about telemicrobiology.

In summary, single-plane ×40 WSI was inferior to glass slide interpretation for the purpose of telemicrobiology. However, evaluators achieved interpretations similar to glass slide interpretations when using high magnification digital pathology systems including ×83 WSI with oil-immersion, ×100 WSI with oil-immersion, and ×100 static digital photomicrographs. More extensive evaluations of suitable imaging modalities and applications in microbiology need to be performed to validate digital imaging systems for their use in microbiology.
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